In this study pequi (Caryocar brasiliense) shells were evaluated in relation to their potential for the adsorption of Pb II ions in aqueous systems. The adsorbent was characterized by point of zero charge (PZC), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) and Pb II ions were detected by flame atomic absorption spectrometry (FAAS). The adsorption parameters studied were solution pH, adsorbent mass, contact time and the optimum adsorption conditions were found to be 7.0, 50 mg and 30 min, respectively, using 15 mL of the metal solution. A study on the adsorption kinetics and isotherms was performed applying the optimized conditions. The adsorption process followed a pseudo-second-order model. The experimental adsorption data were fitted to the Langmuir and Freundlich isotherm adsorptions and a very good fit to the Langmuir linear model was observed. The maximum adsorption capacity was found to be 35.52 mg g -1 .
Introduction
The presence of toxic metals in aqueous systems due to discharges from various industrial processes has caused serious environmental problems, particularly due to their non-biodegradability and ability to accumulate in living tissues. 1 Lead is one of the most toxic of the metal ions, even in low concentrations, and exposure can lead to a wide range of adverse health effects in both adults and children. According to the US Environmental Protection Agency the current drinking water standard for lead is 300 ug L -1 . At levels above 0.05 mg L -1 in drinking water Pb II is a potent neurotoxic metal. 2 In general, metal ions are removed from wastewater using conventional physico-chemical methods such as, electrochemical treatment, ion exchange, precipitation, and recovery by evaporation or adsorption onto activated carbon. [3] [4] [5] However, in many cases, these methods are inefficient and associated with high costs. 5, 6 Natural materials derived from various types of biomass have been investigated because of their ability to accumulate species on the surface (biosorption). The biosorption process involves a solid phase (adsorbent) and a liquid phase containing a dissolved species to be sorbed, which is known as the adsorbate (e.g., metal ions). 7 Many agro-industrial by-products contain cellulose, hemicellulose and lignin. [8] [9] [10] [11] [12] [13] [14] Cellulose is a polysaccharide which contains reactive hydroxyl groups. The structure of lignin has polar functional groups such as alcohols, aldehydes, ketones, carboxylic acids, phenols and ethers, which can remove metal ions from contaminated water, donating a pair of electrons to form complexes with the metal ions in solution. 8 Groups with a high electron density have the ability to bind to a metal by substituting hydrogen ions and forming complexes with metal ions in solution. [10] [11] [12] [13] [14] Thus, cellulose and lignin have the potential to Vol. 27, No. 3, 2016 be used as an adsorbent material for removing toxic metals from wastewaters. Several studies in which agricultural by-products have been used for the removal of Pb II ions in contaminated environments have been reported in the literature. 1, [15] [16] [17] However, no reports on the removal of metals using pequi (Caryocar brasiliense) have been published yet.
The aim of this study was to explore the biosorption efficiency of the crushed shells of pequi (C. brasiliense) in the removal of Pb II . This species, known in Brazil as pequi or "pequizeiro", is a tree characteristic of the Brazilian cerrado, with a wide distribution in this biome. 18 It plays an important economic role, due to the marketing of the fruit and derivative products mainly for human consumption, and it has received good acceptance due to its taste and nutritional value. 19 The rind of the fruit is thick and rich in carbohydrates, fiber, lipids and proteins; however, it is generally not used for human consumption and is discarded.
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Experimental
Instrumentation
An atomic absorption spectrometer (AAnalyst 400, Perkin Elmer, Singapore) equipped with deuterium background correction was used to measure the concentrations of Pb II by flame atomic absorption spectrometry. A hollow-cathode lamp (same manufacturer) was used as the radiation source, air/acetylene flame with flow rate of 13.5 and 2.0 L min -1 , respectively, was used. The instrument was operated under conditions recommended by the manufacturer. The pH of the solutions was adjusted using a pHmeter equipped with a combined glass electrode and the addition of 0.3 mol L -1 NaOH or HNO 3 (Merck, Germany).
Reagents, solutions and samples
All solutions were prepared using deionized water obtained from a Gehaka (Brazil) water purification system and all reagents used were of analytical grade. Before use, the laboratory glassware was kept overnight in 10% (v/v) HNO 3 , rinsed with deionized water and dried in a dust-free environment.
Reference solutions of lead were prepared through the dilution of a 1000 mg L -1 stock solution obtained from Merck (Germany). A residue sample generated in experimental analytical chemistry classes at the State University of Goiás was used for the application of the method.
Preparation of adsorbent
Pequi (Caryocar brasiliense) was acquired from a commercial source in Anápolis city, Goiás State, Brazil. The shells were separated from the pulp, washed in deionized water and dried for 24 h at 35 ºC in an oven with air circulation Marconi (Brazil). After drying, the rind was crushed in a knife mill Marconi (Brazil) and the resulting powder was classified using a sieve shaker Bertel (Brazil). The fraction 500-850 mm was chosen to carry out the adsorption studies.
Characterization of adsorbent
To determine the point of zero charge (PZC) 50 mL of water, at different pH values (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , was mixed with 0.2 g of the sample. The suspensions were shaken at 140 rpm for 48 h at room temperature (25 ± 1 °C) and the final pH (pH f ) of each solution was then measured. 21 A graph was plotted with the values of pH f versus pH i (inicial pH). The point of intersection of pH f versus pH i (where pH i = pH f ) was identified as the point at which the change in the pH of the solution was equal to zero and this is the pH PZC value. 22 The functional groups involved in the metal adsorption process were identified using a Fourier transform infrared spectrometer (Perkin Elmer, FTIR 1605, United States). The spectra were recorded from 500 to 4000 cm -1 with 64 scans per spectrum. Samples collected before and after metal sorption were dried, crushed and mixed with KBr (Merck, Germany) at a ratio of 1:100.
For the thermal analysis, approximately 10 mg of adsorbent were heated to 950 °C at a heating rate of 20 ºC min -1 under an inert atmosphere of nitrogen. The surface structure and elemental composition of the adsorbent, before and after the adsorption of Pb II ions, were characterized using scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) (JMT-300, JEOL, Japan) coupled with energy-dispersive X-ray spectrometry. The samples were coated with a thin layer of gold and conductive tape was used to fix each one to the holder. The images were observed in secondary electron mode, using an accelerating voltage of 20 kV.
Adsorption studies
Optimization of the parameters affecting the adsorption efficiency (solution pH, adsorbent mass and contact time) was performed using a univariate method. The ranges of these parameters were 2-9, 25-250 mg and 0-300 min, respectively.
Characterization of Pequi (Caryocar brasiliense) Shells and Evaluation
Adsorption experiments were carried out by mixing 15 mL of 10 mg L -1 Pb II with an adequate mass of pequi shells in clean conical flasks. The mixtures were shaken (180 rpm) for 20 min, with the exception of the contact time experiment. The samples were then filtered through Whatman 32 filter papers and the metal concentrations of the filtrates were determined by flame atomic absorption spectrometry (FAAS). All experiments were carried out in triplicate and the results are reported as average values.
The kinetic experiments were performed using a Pb II solution (10 mg L -1 ) under the optimum conditions of adsorbent dosage and pH.
In the isotherm study, adsorption experiments were carried out using various initial Pb II concentrations and optimum conditions of adsorbent dosage, contact time and pH.
The amount of Pb II adsorbed per gram of adsorbent, Q e (mg g ), V is the volume of solution used (L), and W is the mass of adsorbent used (g).
Application of the method
The adsorbent material was applied to the treatment of wastewater generated in an experimental analytical chemistry class. The sample was initially filtered to remove particulate matter and the pH was adjusted to 7.0. The adsorption procedure was performed under optimized conditions and the Pb II ions were quantified before and after the removal experiments.
Results and Discussion
Characterization of adsorbent
The PZC is the pH value at which the surface charge density in the material is zero during contact between a solid material and a liquid solution. When the pH is below the pH PZC value the solid surface is positively charged and anions are adsorbed to balance the charge. In this case, the adsorbents are more effective for the removal of anionic species. In contrast, in aqueous solutions with a pH higher than the pH PZC value the surface is negatively charged and adsorbs preferentially cations. 23, 24 The pH PZC for pequi shells was found to be approximately pH 2.3 and thus it is expected that with a pH value higher than this the adsorption of metal ions will be favored.
Infrared spectroscopy is an important tool in the identification of the functional groups that may be present in different substances. The adsorption capacity of an adsorbent is dependent on the chemical reactivity of functional groups at the adsorbent surface. 25 In this study the possible changes in the spectrum bands after the adsorption of lead by the biosorbent material was investigated, especially with regard to the availability of the main groups in the pequi shells which are involved in the adsorption phenomenon. Figure 1 shows the Fourier transform infrared (FTIR) spectra for the pequi shells before and after adsorption. The broad band centered at 3410 cm -1 may be attributed to stretching of the -OH bond in the proteins, fatty acids, carbohydrates and lignin present in plants. 23, 26, 27 The OH stretching can also be attributed to the presence of adsorbed water. 28 There is also a contribution in this region due to stretching of the NH amide bond. 21 The peaks at around 2928 cm -1 and 2818 cm -1 can be attributed to C−H stretching in the methyl and methylene groups. 26, 29, 30 Stretching of the C=O groups is indicated by a peak at 1730 cm -1 . 24 The band near 1000 cm -1 can be attributed to the C−OH stretching vibration of cellulose and hemicelluloses. 29 The main change in the spectrum after the removal of Pb II ions was the intensity of the -OH and C=O peaks, indicating that these groups participate in the adsorption process. 22, 31 In SEM analysis the main surface characteristics (presence of cracks and pores) of a sample can be observed. the material surface (less irregular), which can be attributed to the metal adsorption process. Based on the EDS spectrum shown in Figure 3 it can be observed that the structure of pequi shells in natura is comprised of carbon (54.10%), oxygen (44.80%) and potassium (1.09%). In the spectrum for the pequi shells after the adsorption of 10 mg L -1 Pb II there was a slight decrease in the amounts of carbon (53.70%), oxygen (43.79%) and potassium (0.33%) and the presence of Pb II (2.17%) adsorbed on the surface of the material.
Optimization of adsorption process
Effect of pH
The adsorption process is pH-dependent, since hydrogen ions can strongly compete with the adsorbate.
It is generally observed that the adsorption process is favored by an increase in the pH, because of the metal hydrolysis reaction between binding sites of the adsorbent and the metal, where the hydrogen bond is broken and hydrogen ions are released, which are then substituted by the metal. 31, 32 Experiments to determine the effect of the pH were carried out by stirring 15 mL of a solution with a Pb II concentration of 10 mg L -1 containing 25 mg of adsorbent material, applying a contact time of 20 min and varying the initial pH of the solutions. The results for the pH study are reported in Figure 4 .
The lowest Q e value was observed for pH 2.0, since this is below the pH PCZ . The Q e value increased with increasing pH until pH 7.0, which provided the highest adsorption Q e . With increasing pH protons are probably removed from the surface of the adsorbent material releasing active sites which can be occupied by metal ions. At pH above 7.0 a reduction in the adsorption occurred, since the Pb II ions can be involved in hydrolysis and precipitation processes, lowering the concentration of ions available for absorption and thus reducing the adsorption. Also, at pH 7.0 an increase in the standard deviation was observed. 16 Based on these results, a pH value of 7.0 was established for further experiments.
Effect of adsorbent dosage
In order to study the effect of the adsorbent dosage on the removal of Pb II , experiments were carried out with a solution at pH 7.0 containing10 mg L -1 of Pb II and applying a contact time of 20 min. The results are shown in Figure 5 . In this study, it was generally noted that with an increase in the adsorbent dosage there was an improvement in the adsorption, which is due to an increase in the number of adsorption sites and the surface area. 31, 33 The results obtained in this study show only a small increase in the Characterization of Pequi (Caryocar brasiliense) Shells and Evaluation adsorption capacity when the mass of adsorbent was increased from 25 mg to 50 mg, and after this value the adsorptive capacity remained practically constant. The weak influence observed for the adsorbent dosage may be attributed to the metal ion concentration in the solution used. At low metal ion concentrations only a small amount of adsorbent is required. Thus, for the subsequent studies an adsorbent dosage of 50 mg was selected. Figure 6 shows the effect of the contact time on the adsorption of Pb II ions by pequi shells. A 10 mg L -1 Pb II solution at pH 7.0 and 25 mg of adsorbent material were used. The results showed that in the period of 0-30 min the Q e increased, indicating that the adsorption process is relatively rapid. For contact times longer than 30 min the Q e tends to remain constant, with a small reduction in the accuracy of the measurements, demonstrating that equilibrium of the Pb II biosorption was reached. Therefore, a contact time of 30 min was selected for the adsorption tests.
Effect of contact time
Adsorption kinetics
Based on the results obtained for the contact time reported in the Figure 6 . The adsorption kinetics was studied according to pseudo-first-order and pseudo-second-order models, the linear forms of which are given in equations 2 and 3, respectively:
e t e 1 t log (q -q ) = log q -k 2.303 (2)
where Q e (mg g -1 ) is the amount of metal ion adsorbed at equilibrium, q t (mg g -1 ) is the amount of biosorbate at contact time t, t (min) is the contact time, k 1 (min -1 ) is the pseudo-first-order rate constant and k 2 (mg g -1 min -1 ) is the pseudo-second-order rate constant.
33,34 Table 1 shows the kinetics parameters for the models applied. The results were analyzed considering the values obtained for the correlation coefficient (R 2 ) and biosorption capacity calculated (Q e cal) versus experimental biosorption capacity (Q e exp). The results show that the pseudo-second-order kinetics model provided a better result for R 2 and for Q e cal and Q e exp the values provided by pseudo-second-order can be considered to be the same.
In the pseudo-second-order kinetics model it is assumed that the process occurs at localized sites with no interaction between the adsorbates and that the maximum adsorption occurs with the saturation of a monolayer of adsorbates on the adsorbent surface. This leads to a chemical process involving valence forces with the sharing or exchange of electrons between metal ions and adsorbent groups. 34 
Adsorption isotherms
Adsorption isotherms are commonly studied to gain a better understanding of the distribution of the adsorbate between the liquid and solid phases when the adsorption process reaches an equilibrium state. 35 The isotherm for the Pb II adsorption by pequi shells is shown in Figure 7 where it can be observed that the adsorption capacity increased on increasing the initial Pb II concentration, and in the period studied saturation was not reached. Adsorption isotherms are used to describe adsorption data for a wide range of adsorbate concentrations.
The Langmuir and Freundlich isotherms are those mostly commonly used for the study of the adsorption of cationic species. The Langmuir model is described by the linearized equation shown in equation 4. (4) where Q 0 (mg g -1 ) is the amount of adsorbate that can be absorbed by a unit mass of the adsorbent in the formation of a monolayer on the surface and is called the adsorption capacity and b (L mg -1 ) is the Langmuir constant, which is related to the affinity between the adsorbent and adsorbate.
The essential characteristics of the Langmuir isotherm can be described by the separation factor, R L , which describes the affinity between the adsorbate and the adsorbent that is defined by equation 5: (5) where C i is the initial metal ion concentration. For R L > 1, the isotherm is of the unfavorable type; R L = 1 indicates a linear isotherm; for 0 < R L < 1 the isotherm is favorable; and for R L = 0 the isotherm is irreversible. 27 The Freundlich model can be described by the following linearized equation (equation 6): e F e 1 log Q = log k + log C n (6) where k F is the constant related to the sorption capacity of the adsorbent, indicative of the affinity between the species; and n is the constant related to the sorption intensity, indicative of the effect of the metal concentration. 31 The Langmuir and Freundlich isotherm were plotted and the parameters calculated for the models are given in Table 2 . On comparing the R 2 values it can be observed that the Langmuir model provided a higher value, which suggests that it yielded a better fit, indicating that the adsorption takes place at homogeneous sites which are identical and energetically equivalent. 36 The Q 0 calculated from the Langmuir model was determined to be 35.52 mg g -1 . For Langmuir equilibrium parameter (R L ) the value obtained was 0.25 indicating that the isotherm is favorable. Table 3 shows a comparison between the adsorption capacities of some sorbents for lead removal, this shows that pequi shells for Pb II removal has a good adsorption capacity in comparison to other sorbents. 
Application of the method
Conclusions
The results reported in this paper show that pequi shells represent an alternative sorbent for Pb II removal from aqueous effluents, since the procedure is simple, economically accessible and contributes to minimizing environmental impacts. The solution pH, adsorbent mass dosage and contact time were optimized. The adsorption equilibrium was satisfactorily represented by the pseudosecond-order Langmuir isotherm and the maximum adsorption capacity was 35.52 mg g -1 . 
